Mixed ligand complexes of Fe(III) with aromatic thiohydrazides of general composition [Fe(acac)(L) 2 ] have been synthesized and characterized (acac-acetylacetonate, L = bidentate uninegative aromatic thiohydrazide ligand, for example, thiobenzhydrazide, 2-hydroxythiobenzhydrazide, furan-2-thiohydrazide, and thiophen-2-thiohydrazide). The magnetic susceptibility data and the EPR spectra of these complexes suggested the formation of rhombically distorted low spin iron center (d 5 ) in octahedral environment, which was also supported by the UV-vis spectral data of the complexes. Biological studies of these complexes also indicated that the iron-thiohydrazido complexes have superior antibacterial properties compared to the corresponding ligands.
Introduction
Among the N, S bidentate donor ligands thiosemicarbazide and thiosemicarbazones received the largest attention due to their interesting chemical [1] [2] [3] [4] [5] , analytical [6] [7] [8] [9] [10] , and biological [11, 12] properties. These groups of ligands themselves are known for their antibacterial activity; however, this activity increases significantly when they coordinate to various metals, especially the first row transition metals [13, 14] . Iron plays crucial roles in various physiological processes during cell growth. The effect of iron is more prominent for tumor cells, where they are more sensitive to iron deprivation compared to the normal cells [15] . Similar to the antibacterial activities, many studies have demonstrated that iron complexes have greater antitumor activity relative to the corresponding free ligands [16] [17] [18] . The interaction between thiosemicarbazoneiron(III) complexes with the cellular thiols or thiol functional group containing proteins is possibly the reason behind the superior cytotoxicity and antitumor activity [19] .
Thiohydrazide ligands have the basic structural unit of -C(=S)-NH-NH 2 and can function as excellent N,S donor bidentate chelating ligands like thiosemicarbazides or thiosemicarbazones; however, they have simpler structures as they do not contain N 4 nitrogen. The thiohydrazide ligands were also reported to have considerable antifungal and antibacterial activity, which were enhanced following the coordination with transition metal ions. In this communication, we have studied four different iron(III) complexes containing mixed ligands with the common formula [Fe(acac)(L) 2 ], where acac is acetylacetonate and L represents the aromatic thiohydrazide ligand. Thiobenzhydrazide (Htbh), o-hydroxythiobenzhydrazide (Hhtbh), furan-2-thiohydrazide (Hfth), and thiophen-2-thiohydrazide (Htth) are the four varieties of thiohydrazide ligands utilized in this study. The structure of the ligands and their respective complexes are shown in Figure 1 .
We have characterized these complexes by the combination of various spectroscopic methods, magnetic measurements, and electrochemical techniques following the synthesis. The mode of coordination of ligands to iron(III) suggested from spectral studies has been corroborated with the results obtained by DFT calculation. Significant antibacterial activity was observed for these complexes during in vitro antibacterial study with Escherichia coli (E. coli).
Experimental

Materials and Methods.
Anhydrous ferric chloride was purchased from E. Merck and was used as a source of iron(III). Thiohydrazide ligands were prepared following the procedure described earlier [20] . Tris-acetylacetonatoiron(III) (Fe(acac) 3 ) was used as the starting material for the synthesis of thiohydrazide complexes by ligand displacement and prepared by standard method [21] . E. coli (K12) strain was obtained from the Department of Botany, Presidency University, Kolkata. Fresh cultures were prepared on MacConkey Agar media (Himedia, India). All solvents used were purified according to the standard methods. All other chemicals were of reagent grade and used without further purification. Electronic spectra were recorded on a Hitachi 3210 UVvisible spectrophotometer. IR spectra were obtained on a Unicam300S spectrophotometer (4000-300 cm −1 ) and the samples were prepared as KBr pellets. Continuous wave electron paramagnetic resonance (CW-EPR) spectra were recorded at Bruker X-band EPR instrument in dimethyl sulfoxide (DMSO) solution (99.5%, Sigma-Aldrich) at 10 K temperature using liquid helium. Sample concentrations were 0.5-0.6 mM and were degassed with argon flow for 15 minutes prior to the experiment. EasySpin software was used to simulate the EPR data [22] . Electrochemical measurements were performed with a EG&G Potentiostat model 263A instrument using standard three-electrode set-up, where a platinum working electrode, a platinum wire auxiliary electrode, and an Ag/AgCl (saturated KCl) reference electrode were used. All cyclic voltammetric experiments were performed under a nitrogen atmosphere in distilled DMSO and CH 2 Cl 2 solution. Tertiary butyl ammonium perchlorate (TBAP) was used as the electrolyte during the experiments. Cyclic voltammometric data were collected at 298 K and are uncorrected for junction potential.
Synthesis of Complexes
Antibacterial Activity.
A wild variety of E. coli strains were utilized for this study. E. coli strain was maintained in MacConkey agar medium. MUG Muller Hinton broth was inoculated by a single colony of E. coli from the slant culture. Liquid broth culture was incubated at 37 ∘ C for 6 hours in a BOD incubator to attain log phase of growth. Standard solutions of thiohydrazide complexes of iron(III) are prepared in 1 : 1 DMSO : water mixture and requisite volumes of these solutions were added to 10 mL of liquid MUG Mueller Hinton broth kept in culture tubes.
The solutions were sterilized and inoculated with 0.2 mL of the 6-hour-old E. coli broth culture. These solutions were incubated at 37 ∘ C for 24 hours in the BOD incubator. 24-hour-old cultures were serially diluted and poured on Petri dishes containing MacConkey agar medium. After 24 hours incubation at 37 ∘ C colonies were counted following the standard procedure [23, 24] .
Results and Discussion
All the synthesized iron(III) thiohydrazide complexes were dark and highly soluble in dimethyl sulfoxide (DMSO), N,Ndimethyl formamide (DMF), and acetonitrile. However they were only sparingly soluble in organic protic solvents like methanol and ethanol. All the compounds were paramagnetic in nature exhibiting the presence of one unpaired electron (observed magnetic moment ( eff )∼1.70 B.M. at room temperature). Elemental analyses of the complexes demonstrated the presence of 1 : 2 metal to thiohydrazide ligand ratio and suggested the formation of Fe(acac)(L) 2 type of compound where L is the thiohydrazide derived ligand.
Synthesis.
At first attempts were made to prepare homoleptic thiohydrazidoiron(III) complexes by directly adding ethanolic solution of iron(III) chloride to the thiohydrazide ligands but the desired tristhiohydrazido compound could not be isolated. We were able to grow crystal of the product from the reaction between FeCl 3 and thiobenzhydrazide. The X-ray crystallographic data showed the product to be 3,3 -diphenylthiophen, without the presence of any iron atom. This compound presumably formed as a result of iron(III) mediated oxidation of the ligand. The standard reduction potential value of the Fe 3+/2+ changes from 0.77 V to −0.42 V (versus SHE) when it is coordinated to acetylacetonato (acac) ligand in DMF medium [25] . Thus the system loses its oxidizing property when Fe(acac) 3 is used as the precursor and the chances of metal mediated ligand oxidation is minimized. However, all the three acac ligands could not be replaced by thiohydrazide even when ten-time excess of the ligand was used. The strong bonding between acac and Fe(III) through both -donation and -back bonding is possibly the reason behind it.
Electronic Spectra.
The electronic spectra of different iron thiohydrazide complexes were examined in various organic solvents like acetonitrile, acetone, benzene, and DMSO. The weak bands observed in the region 900-910 nm were attributed to d-d transition [26] . The nature of this particular band was further examined by DFT studies (vide infra). The bands near 600-580 nm and 380-360 nm were assigned to ligand to metal charge transfer (LMCT) bands. The intensity and marked dependence of the bands with solvent are consistent with the charge transfer nature of the bands. The bands in the region 300-310 nm are attributed to aromatic ligand-ligand charge transfer (LLCT) band.
Infrared Spectra.
The IR spectra of the iron(III) thiohydrazide complexes were compared with the free ligands to have an insight into the binding patterns of the ligand molecules. For all the complexes, the backbone vibrational signals such as C-C and C-H stretchings of the benzene ring, aromatic out of plane C-H bending, aromatic in plane C-H bending, aliphatic hydrizido N-N stretching, and C-N-N backbone bending ( (C-N-N)) remained unaltered following the metalation, indicating the robust nature of the backbone during the synthesis [20] . However, the C-N stretching band (](C-N)), which occurs in the range of 1580-1530 cm −1 in the ligands [20] , shifted to higher frequency in the complexes suggesting partial double bond character in the C-N bond. On the other hand, the ](C=S) stretching vibration shifted to a lower frequency in the iron complexes indicating decrease of the bond order for C=S bond during metal coordination. These observations suggested that the ligands undergo thioenolization before ligation and they are coordinated to iron via thiol sulphur. The IR data also showed the presence of Fe-N and Fe-S bands around the regions 490-470 cm −1 [27] and 380-370 cm −1 [28] , respectively, supporting the metal-thiohydrazido binding pattern (Figure 1) . It is important to note that these bands were absent in both free ligand and precursor Fe complex. In addition to those bands, the metal oxygen band (] Fe-O) was also observed for the complexes, similar to the synthon Fe(acac) 3 , in the region 680-655 cm −1 , indicating the presence of Fe(acac) binding in the mixed ligand complexes [29] . The bending mode of vibration for terminal amine of the hydrazine group ( NH 2 ) was observed near 1600 cm −1 in free ligands and these bands shifted towards higher frequency in the complexes, indicating complexation through hydrazinic -NH 2 group. The C=O stretching frequency (] C=O) was observed in the range 1580-1570 and 1530-1525 cm −1 region for both the complexes and Fe(acac) 3 [29] . However, the intensity of the bands was lower for the mixed ligand complexes compared to the precursor Fe(acac) 3 as two acetylacetonato groups were substituted by the thiohydrazide ligands during complexation.
EPR Spectra.
Tris-acetylacetonatoiron(III) complex was used as the precursor for iron during this study, which is a high spin d 5 complex (S = 5/2). During this study, we observe that all the four varieties of thiohydrazide ligands were able to replace two of those acetylacetonato ligands to produce mixed ligand (acetylacetonato)(bis-thiohydrazido)iron(III) complex. The magnetic susceptibility data for all the complexes indicated presence of only one unpaired electron (S = 1/2) with the observed magnetic moment ( eff )∼1.70 B.M. ( eff = √[ ( + 2)] B.M., = 1 in this case). To monitor the paramagnetic properties of these complexes in detail, X-band EPR spectra for all the complexes were collected in DMSO solution at 10 K. The EPR spectra are depicted in Figure 2 and the simulated spectral parameters are shown in Table 1 .
The EPR spectra of the complexes reveal that the replacement of four O-donor atoms by two S and two N-donors converts it to a low spin complex as apparent from the gvalues in range of 2.001-2.185. Small spread of the g-values appears to be characteristic of low spin Fe(III) centers with coordinated N 2 S 2 from two thiohydrazido ligand and two O from acetylacetonato group. The high value of / indicates large rhombic distortion. The / values are large for all the complexes, suggesting high rhombicity. This may be further confirmed by /Δ values that are higher than 2/3rd [30, 31] . Thus the possibility of tetragonal structure is eliminated. All the complexes exhibit max − min values in the range of 0.143-0.18 and therefore it appears that all the four complexes have two thiolate S-atoms possibly in the cis-geometry [32] . As the two O-atoms of the acetylacetonato ligand should be in cis-configuration, it is expected that the remainder of the two N-atoms of the two thiohydrazide ligands will also be in cis-geometry. This conclusion was further supported by the optimized structure derived from DFT study (vide infra). Hyperfine coupling was evident in the EPR spectra for all the four complexes due to the presence of two N ( = 1) atoms. However, the spectra could not be satisfactorily simulated because of large line width arising from H-strain.
Electrochemistry.
Cyclic voltammograms of the thiohydrazide ligands showed a prominent reduction peak between −0.62 V and −0.96 V. The position of the peak however depends on the aromatic group of the ligand. The peaks are tabulated in Table 2 .
The corresponding cathodic peaks shift by about −0.1 V in the thiobenzhydrazido, 2-hydroxythiobenzhydrazido, and thiophen-2-thiohydrazido iron complexes. However a reverse order is obtained in the furan-2-thiohydrazido complex. These peaks may be designated as ligand based reduction. The ligand-based reduction is irreversible and no corresponding anodic peaks are observed. In all the ligands an irreversible oxidation peak is also observed between 0.8 V and 1.0 V. The corresponding reduction peaks were not found. These anodic peaks also shifted towards the negative side in the iron complexes and these oxidations may be regarded as ligand-based oxidation. In all the iron complexes a new quasireversible reduction peak at ∼0.25 V and a corresponding oxidation peak at ∼0.39 V were observed. This may be regarded as a metal based quasireversible oxidation, that is, Fe(II) to Fe(III). The mother compound, ferric acetylacetonate, shows a reversible reduction peak with E 1/2 value of −0.61 V and an irreversible oxidation peak at 1.7 V [33] . The deviation of acetylacetonatobisthiohydrazidoiron(III) complex from that of the trisacetylacetonatoiron(III) complex may be explained from the fact that the former is a low spin complex while the latter is a high spin complex. The low spin octahedral ferric complexes are characterized by ill-defined cyclic voltammograms [34, 35] . Cyclic voltammograms E. coli was also studied, but the growth curve runs parallel to the X axis, indicating no antibacterial effect.
Molecular Modeling
DFT calculations for acetylacetonatobis-2-hydroxythiobenzhydrazidoiron(III) [Fe(acac)(htbh) 2 ] were performed with NWChem 6.1 program package and geometry optimization was done with UB3LYP functional. The basis set 6-31G * was used for nonmetal atoms while Ahlrichs' VTZ (valence triple-) basis set was used for Fe atom [36] . Since the spectral characteristics and magnetic properties of all other complexes are analogous, no attempt has been made for structure optimization for those other complexes. The optimized structure of the complex exhibited an octahedral iron(III) ion in a hexa-coordinated ligand environment containing two sets of nitrogen and sulfur atoms from two identical uninegative 2-hydroxythiobenzhydrazido ligand and two oxygen atoms from the remaining acetylacetonato ligand (Figure 4) . Selected bond angles and bond distances for the optimized structure are shown in Table 4 . The Cartesian coordinates of all the atoms constituting the optimized structure are provided as Table S1 of the Supplementary Material. Surface plots of HOMO and LUMO with their energies are presented in Figure 5 . Despite the octahedral symmetry, the Fe center possesses high rhombic distortion. Two nitrogen and two sulfur atoms as donor in the complex are in relative cisposition. High rhombic distortion is in conformity with large / and low ( max − min ) values observed in the EPR spectra as shown in Table 1 . Calculations of atomic spin population have demonstrated the presence of the unpaired electron mostly on the Fe atom as expected. However, significant amount of unpaired electron spin was noticed over one of the thiobenzhydrazido ligands (on sulfur, hydrazine N, and C atoms) ( energy difference between these two orbitals (11293 cm −1 ) matched well with the experimental signal we observed in the electronic spectra for this complex (11124 cm −1 or 899 nm). So we can predict this transition as a predominantly d-d transition.
Conclusion
Relatively rare, low spin (d 5 , S = 1/2) paramagnetic mixed ligand complexes of octahedral iron(III) have been synthesized from Fe(acac) 3 by displacing two acetylacetonate ligands with four different bidentate thiohydrazide ligands. Spectroscopic evidences suggest the presence of high rhombic distortion in the otherwise octahedral geometry around Fe center. DFT calculations on Fe(acac)(htbh) 2 showed a closely lying HOMO and LUMO, separated by NIR region energy difference, where both the MOs have predominantly metal d-orbital character. The calculated energy difference was in close agreement with d-d transition band as observed in the electronic spectra for the complex. Since the spectral features of all the complexes are similar in nature, all other complexes should have similar structure. All the iron thiohydrazide complexes demonstrated higher in vitro bactericidal effects compared to those of the corresponding free ligands.
